Cu/N codoped TiO 2 films on Ti substrates were successfully prepared by electrochemical method with the goal of enhancing the photoelectrocatalytic activity under visible light. The morphology and composition of the Cu/N codoped films were characterized using field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), energy dispersive X-ray (EDX), and UV-Vis diffusion reflection spectroscopy (UV-Vis DRS). The photocatalytic activities of the Cu/N codoped TiO 2 films were evaluated by the degradation of humic acid. The visible light photocatalytic degradation of humic acid (HA) was tested and Cu/N codoped TiO 2 films showed the highest degradation efficiency up to 41.5% after 210 minutes of treatment. It showed that Cu 2+ and NH 4 + codoped TiO 2 film significantly improved the photocatalytic efficiency under the visible light. When +5.0 V anodic bias potential and visible light were simultaneously applied, the degradation efficiency of HA over the Cu/N codoped TiO 2 films significantly improved to 93.5% after 210 minutes of treatment.
Introduction
Humic acid (HA) is the main fraction of the humic substances existing in fresh water sources and creating problems in treatment operations. Consequently, it is the primary target of water treatment process although not considered as a pollutant. The HA is a complex mixture of organic compounds, which is derived from the decomposition of plants and animal material [1] [2] [3] . Humic acid has been reported to bring about many negative effects in drinking water, including undesirable color and taste, absorption and concentration of organic pollutants, and biochemical decomposition. Moreover, when water is treated with chlorine for sterilization, humic acid could react with chlorine by a combination of substitution and oxidation mechanisms forming potentially carcinogenic organic compounds [1, 4, 5] ; this has been a problem in past drinking water treatment. Increased concern is focused on the potential toxicity of humic acid and its precursors. Hence, the degradation techniques of humic acid need to be established.
In common water treatment processes, the removal of humic acid has been accomplished by physical separation, such as adsorption of activity carbon, precipitation and flocculation, ion exchange [4] , and transfer of pollutants from one phase to another or concentrating them in one phase, without actually eliminating them, which is the main disadvantage associated with these techniques. Novel methods such as the Fenton process, ozonation, and electrochemical and photochemical technologies have been developed to decompose pollutants. Titanium dioxide (TiO 2 ) electrodes have been widely utilized as a photocatalytic material technology with applications in many fields such as environmental purification and decomposition of carbonic acid gases and solar cell, especially in the decomposition of recalcitrant organic pollutants [6] [7] [8] [9] [10] . In the last decades, it has been demonstrated that titanium dioxide (TiO 2 ) photocatalysis is one of the suitable advanced oxidation processes' (AOPs) techniques for the decomposition of refractory HA because of its excellent photostability, relatively low cost, nontoxicity, 2 International Journal of Photoenergy and its ability to photooxidatively destroy most refractory pollutants [11, 12] .
However, TiO 2 has three major limiting factors. The first is the low separation rate of photoinduced electron-hole pairs. Second, TiO 2 has low utilization efficiency of visible light because of its large band gap of 3.2 eV. UV light constitutes only a small fraction (5%) of the solar spectrum [13] . The last causes difficulty in separating suspended TiO 2 particles from the water; simultaneously, the water will be contaminated by the TiO 2 particles if they are not completely separated from water. These shortcomings hold back the TiO 2 application in water treatment. Nevertheless, extending the absorbance of TiO 2 to visible light and improving the photocatalytic efficiency of TiO 2 have the most important prospects.
For the first and the second problems, in order to reduce the high recombination rate of photoexcited electron-holes and utilize sunlight, a variety of methods, such as metal and nonmetal doping [14, 15] , composites with the other semiconductors [16] , dye sensitization [17] , and surface modification [18] , have been extensively applied. Among such methods, metal and nonmetal doping has been demonstrated to be an effective approach, having been widely studied in literature [14] . In particular, much effort has been made to enhance the visible light photoresponse of TiO 2 via doping main group elements including carbon, nitrogen, and sulfur [20] [21] [22] [23] [24] [25] [26] [27] . These compounds absorb visible light. The preceding findings are supported by the results of theoretical calculations using full potential linearized augmented plane wave formalism (F-LAPW method). Metal ions doped into the TiO 2 crystal lattice create a narrow energy band inside the TiO 2 band gap; as a result, photoinduced electrons can be easily activated and the photoresponse wavelength can be expanded to visible region. This can depend on the ion location in the host lattice and characteristics of the metal ions in question [28] . Nonmetal ions doping into the TiO 2 lattice can replace some of the oxygen vacancies, reducing the energy band gap and extending photoactive region. It should also be noted that dopants such as N are incorporated as anions and replaced by oxygen in the TiO 2 lattice. The N doping not only decreases the band gap, but also hinders the growth of crystalline particles; the resulting small size can facilitate the separation of charge carrier [23] .
To solve the third problem, the immobilization of TiO 2 on various supports such as glass, ceramics, and zeolite remains one of the prerequisites to obtain an effective catalyst because this is a technological requirement to avoid the separation/filtration step. Different supports and different immobilization techniques for TiO 2 photocatalysts including thermal oxidation of titanium, anodic oxidation, and sputtering have been previously investigated. Immobilization of TiO 2 onto conducting substrate enables the application of electrochemistry techniques.
A novel method such as anodic oxidation method has been recently developed. The anodic oxidation method is a simple, cost-effective, and straightforward method to prepare highly ordered TiO 2 nanofilms on Ti substrate [29, 30] , a process which allows the in-situ preparation of TiO 2 film electrodes. In this anodic oxidation process, using a pretreated Ti substrate as an anode and a platinum foil or other materials as the cathode, both units are placed in the electrolyte solution, and then a constant voltage is applied for a determined time. Oxidizing metallic titanium to directly create TiO 2 films provides a much stronger adhesion of the oxide to the substrate, a behavior which overcomes adherence problem [31, 32] , therefore improving substrate stability of photocatalytic devices in flowing water and reducing resistance to electron transfer and the recombination of photogenerated electron transfer.
Vinodgopal et al. [33] published a paper in 1993 on TiO 2 thin film electrode degrading 4-chlorophenol efficiently under UV lamps. Subsequently, an efficient technique named photoelectrocatalysis (PEC) was proposed. In a sole photocatalysis process, the surface area of the catalyst in the film contacting pollutant molecules is reduced after TiO 2 powder is transformed to film; consequently, the photocatalytic degradation efficiency over TiO 2 film is usually lower than over TiO 2 powder. The difference of degradation efficiency between Degussa P25 powders and TiO 2 thin film could be 80% under the same degradation conditions [34] . So, to improve the degradation efficiency, photoelectrocatalytic degradation of pollutants has been developed by applying an external bias potential to various TiO 2 films [35] [36] [37] . The photoelectrocatalytic technique combines both electrolytic and photocatalytic processes. In the PEC process, the applied external potential is the key factor, and the separation of electron-hole pairs (e − CB /h + VB ) is promoted by electron transfer via the control of an external circuit, significantly improving the performance of photocatalytic (PC) efficiency. The basic process of photocatalysis consists of ejecting an electron from the valence band (VB) to the conduction band (CB) of the TiO 2 , thereby creating an "h + " hole in the valence band. This is due to the solar irradiation of TiO 2 with an energy equal or superior to the band gap (3.2 eV). These charge carriers (e − /h + ) can migrate to the surface of the catalyst, where they are then available to undergo redox reaction with substrates [38] :
This is followed by the formation of extremely reactive radical OH
• at the TiO 2 surface and/or a direct oxidation of the polluting species (R). The redox potential of OH
• /H 2 O is 2.81V. Therefore, pollutants in wastewater can be degraded directly on the surface of the TiO 2 or indirectly by reacting with hydroxyl radicals [39] . The photogenerated hole in the valence bond can react with absorbed water molecular to form oxidative species such as OH
• which subsequently attack the pollutant:
The electrons ejected to the conduction band can either react with electron acceptors such as adsorbed oxygen (O 2 )
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to form superoxide radicals (3) or react with adsorbed water molecule (H 2 O) to form oxidative species such as hydroxyl radicals:
The photogenerated electrons (e − ) reduce the recombination rate of the photogenerated electron-hole pairs and enhance the photocatalytic activity [40] . The lifetime of the pairs (e − CB /h + VB ) is a few nanoseconds. Without electron donors or acceptors these electron-hole pairs can recombine to release heat or migrate to the surface of the TiO 2 and react with species that have been adsorbed there: Figure 1 shows the general mechanism of the photoelectrocatalytic process and the main reaction that occurs at the surface of TiO 2 [41] . According to the literature [41] , when a positive bias is applied to the Ti/TiO 2 photoanode, the generated electrons can be transferred into the external circuit instead of the oxygen molecule. As a result, the photogenerated hole or OH
• will be left at the surface of the TiO 2 electrode. Therefore, the rate of photogenerated electron-hole recombination is limited while a possibility exists to improve the efficiency of oxidation at the semiconductor-electrolyte interface.
Whether in the PC or in the PEC process, the degradation rate of refractory pollutants depends on the activity of the titania film electrodes. In recent years, photoelectrocatalytic degradation of organic pollutants has attracted much interest under visible light [42] [43] [44] .
Therefore, to investigate the effect of various TiO 2 films electrodes, in this work, we successfully prepared Cu/N codoped TiO 2 films by the anodic oxidation process to study the photoelectrocatalytic degradation of humic acid (HA) under visible light illumination. The surface morphology, crystallization, and photoelectrochemical characteristics of the hybrid films were investigated with various techniques, including field emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX), X-ray diffraction (XRD), UV-Vis diffusion reflection spectroscopy (UV-Vis DRS), UV-Vis spectroscopy, and voltammetry. The photoelectrocatalytic activity of these samples was evaluated on the basis of the degradation of humic acid (HA) in aqueous solution under visible light irradiation. Using such Cu/N TiO 2 films, the visible light photoelectrocatalytic degradation of HA was also studied in detail by changing the initial concentration affecting the degradation process. The Cu-N TiO 2 samples showed better photocatalytic activity with required degradation of humic acid (HA) than the TiO 2 films in visible light regions.
Materials and Methods

Materials.
Titanium sheets (0.2 mm × 50 mm × 50 mm, 99.6% purity) were polished by metallographic abrasive paper and then degreased by sonicating process in acetone, isopropanol, and methanol. After rinsing with water, the materials were air-dried. Graphite electrodes were procured from Guangzhou Jinlong Technology Co., Ltd. Acetone, isopropanol, methanol, HF, HNO 3 , Cu(NO 3 ) 2 , NH 4 Cl, and the abovementioned chemicals and solvents were of analytical grade and used without further purification. Commercial humic acid (CAS no. 308067-45-0) was purchased from Shanghai, China, and was used as received. The chemical components of HA indicated that the H/C atomic ratio and the O/C atomic ratio were 0.956 and 0.412, respectively. HA was dissolved in 0.1 M sodium hydroxide solution (NaOH, CAS no. 1310-73-2) and then separated by 0.45 m membrane. The filtrate was diluted to a desired concentration ranging from 10 to 60 mg/L. Water used in all experiments was purified using a Milli-Q Plus 185 water purification system (Millipore, Bedford, MA) with a resistivity higher than 18 MΩ cm.
Preparation of TiO 2 /Ti
Electrode. The anodic oxidation was accomplished with a 33 V DC-power source using titanium sheet as anode and graphite as cathode. The distance between two electrodes was set at 5 cm in all experiments. The electrolyte contained 0.01 M HF and 0.1 M HNO 3 . The anodic oxidation was carried out under 20 V for 30 min. After electrolysis, the titanium sheet was rinsed with water and then air-dried. 
Preparation of Cu/N TiO
2 /Ti Film Electrode. The asprepared TiO 2 electrode (on Ti sheet) was used as cathode and graphite as anode. The electrolyte was a mixture of different volumes of 0.2 M Cu(NO 3 ) 2 and 0.2 M NH 4 Cl, and the molar ratio of Cu 2+ /NH 4 + was adjusted to 1 : 1, 1 : 2, 1 : 3; 2 : 1, 2 : 2, 2 : 3; and 3 : 1, 3 : 2, 3 : 3, respectively. The distance between two electrodes was kept at 5 cm. The entire electrochemical process was performed at 5 V for 1 h. Finally, the titanium sheet with Cu/N codoped TiO 2 surface was taken out and rinsed with water and then air
Photoelectrocatalytic Activity Measurements.
The photoelectrocatalytic activity efficiencies for the prepared samples were tested by degradation of humic acid in aqueous suspension. The photoelectrocatalytic oxidation experiments were conducted in a glass beaker. During these experiments, different plate anode materials were tested: Cu/N TiO 2 /Ti and graphite plates used as active anode surface during electrolysis. The electrodes were dipped into the beaker containing 0.6 L humic acid as working volume. A 50 W tungsten halogen lamp (EXZ MR16 SP, GE, USA) was used as visible light resource. The light intensity was 80.1 Mw cm −2 (380 nm∼ 780 nm) measured by SpectraScan Spectroradiometers (PR-705, Photo Research, USA). The photoelectrocatalytic oxidation was carried out at a constant current using a digital DC power supply. The sample solution was agitated by a magnetic stirrer (Figure 2) . Magnetic stirring at a slow speed was constantly maintained along with the reaction. The concentration of humic acid was analyzed at the maximum absorption wavelength of HA at 254 nm with a UV-Vis spectrometer (Unico UV-2800A, China).
Instruments and Analytical
Methods. UV-Vis diffuse reflectance spectra were recorded on a Shimadzu 2550 UVVis spectrophotometer between 200 and 800 nm with BaSO 4 as the background. The XRD phase detection and analysis of the crystal structure of prepared products were recorded by a Dmax-rA powder diffractometer (Bruker D8 ADVANCE, Germany), with Cu K as a radiation and a step width of 2 = 0.02 ∘ , with 2 ranging from 20 to 60. The morphological features of the prepared products were assessed using a LEO, 1530 Vp field-emission scanning electron microscope (FESEM) at 15 kV. SEM samples were sputter-coated with about 20 nm Au using a Polaron Sputter Coater system. The SEM-EDX analysis was performed by a High Vacuum Tungsten Filament SEM (Hitachi S-3700N, Japan).
During the experiments, HA samples were periodically collected for analysis. No reactants or supporting electrolyte were added to the humic acid prior to the experiments. The UV-HA method was used for the measurement of HA concentration [45] . Specific UV absorbance of filtered samples was monitored at 254 nm with UV-Vis spectrophotometer (Unico UV-2800A, China), which was used to represent aromatic moieties. Additionally, UV-Vis spectrum was recorded from 200 to 600 nm. The samples were irradiated for 210 minutes. For absorbance measurement, 10 mL of sample was taken out from the reactor at given time intervals. All experiments were repeated at least two times, while reproducibility of the experiments was within 5%.
Results and Discussion
X-Ray Diffraction
Analysis. X-ray diffraction patterns of TiO 2 film and the Cu/N codoped TiO 2 films calcinated at 500 ∘ C for 2 h are shown in Figure 3 . During the process of annealing, a crystalline phase of TiO 2 was formed. The crystalline structures of the oxide films were dependent on the type of electrolyte that was used. Mixed crystalline structure consisting of anatase and rutile TiO 2 was observed for the Cu/N codoped TiO 2 groups.
Anatase phase of the TiO 2 crystal structure could be interpreted from XRD patterns for TiO 2 . At the temperature of 500 ∘ C, anatase phase was formed. The rutile phase began to appear when the annealing temperature was increased to 600 ∘ C. For Cu/N codoped TiO 2 films, obvious rutile peaks emerged when calcined at 500 ∘ C. It seems that Cu/N codoping is helpful for the crystalline phase transition from anatase TiO 2 to rutile TiO 2 . Both anatase and rutile peak intensities increased slightly after calcination as has been reported before [46, 47] . Many studies have demonstrated that the mixture of anatase and rutile TiO 2 has greater degradation efficiency than either anatase or rutile TiO 2 alone. So the Cu/N codoped TiO 2 films in this paper can improve the PEC degradation efficiency. No peaks for CuO were observed for the low Cu doping samples. This was due to the low amount of Cu present. The diffraction peak intensities at 2 = 35.5 ∘ and 38.7 ∘ , which were assigned to CuO (002 or 111) and CuO (111) [48] , respectively, were observed for the samples of Cu 2 N or Cu 3 N , and their intensities increased with an increase in the Cu content. No nitrogen-derived peaks were detected, presumably due to the fact that content of N doping was very low. Figure 4 (a) shows UV-Vis DRS spectra for Ti, TiO 2 -500, and codoped TiO 2 -500 plate electrode and Figure 4(b) shows the corresponding plot of transformed Kubelka-Munk versus energy of light for TiO 2 -500 and codoped TiO 2 -500. It can be seen that pure TiO 2 film absorbs UV light at a wavelength less than 400 nm. While the TiO 2 film is doped with Cu
UV-Vis Diffuse Reflection Spectroscopic Analysis.
2+
and NH 4 + , there is about 40 nm red shift of the band edge for Cu/N codoped thin film. In addition, the absorption intensity in visible light regions is increased, suggesting an improved photocatalytic activity within the visible light range (see next). On the other hand, the absorption in the UV light range decreased slightly. Cu 1 N 3 and Cu 1 N 2 codoped nanofilms with different Cu 2+ /NH 4 + molar ratios calcined at 500 ∘ C exhibited more or less similar red shift of the band edge and also reduced reflection intensity when compared with the pure TiO 2 nanofilm. The red shift can be attributed to the fact that when TiO 2 is doped with copper, Cu 2+ species can form Cu-O-Ti bond with Ti 4+ and then the photoinduced electrons can be effectively trapped by Cu 2+ species. Furthermore, some Cu 2+ species are deposited on the surface of TiO 2 films, a condition which inhibits the absorption of visible light [48, 49] . The band gaps were estimated by application of the following equation:
where , , h, ], , and are absorption coefficients, the band gap (eV), Planck's constant (6.6260 × 10 −34 ), frequency of light (s −1 ), a number characterizing transition (for TiO 2 , = 1/2), and a constant, respectively. An estimation of band gap was acquired by extrapolation using tangent lines on the plot of ( h])
1/ versus h] and is shown in Figure 3(b) . The results indicate that the band gap energies of Cu 1 N 1 , Cu 1 N 2 , and Cu 1 N 3 codoped TiO 2 are 2.55 eV, 2.65 eV, and 2.90 eV, respectively. These band gaps are smaller than the widely accepted band gap values (3.2 eV and 3.0 eV) for pure TiO 2 and Degussa P25. The band structure of the photocatalysts played a crucial role in determining catalytic activity. Based on the SEM images, it was estimated that the TiO 2 film formed on the Ti substrate had a thickness film and the TiO 2 particle size was around 50 nm ( Figure 5 ). Most parts of the TiO 2 film displayed a less porous surface ( Figure 5(a) ). With respect to Cu/N codoped TiO 2 film, a number of larger Cu grains, compared with TiO 2 particulates, were obviously observed ( Figure 5(d) ). In addition, the size of Cu grain increased rapidly with prolonging the illumination time. The N doped in TiO 2 was small in size and mainly filled in the gaps between TiO 2 particulates.
Morphology of the TiO
2 Films.
EDX Analysis.
The EDX analysis was carried out to study the components of the deposited films ( Figure 6 ). The result shows that these samples contain Ti substrate elements (Ti, O, and C) as well as Cu, confirming that Cu 2+ is doped into the TiO 2 films. Further observation indicates that with increasing the concentration of Cu 2+ in the deposition, the atom content of Cu element in the film is homologous augment (insets of Figures 6(a) and 6(b) ). The actual percentage value of Cu in Cu 2 N 3 codoped TiO 2 film is 3.14%. No nitrogen peaks were detected, presumably due to the fact that the content of N doping was very low and the doped N was uniformly distributed into the TiO 2 films. of illumination with strong light intensity. The highest PC degradation efficiency was achieved on the Cu 2+ /NH 4 + molar ratio 2 : 3 TiO 2 film (Figure 7 ). For instance, after 210 min of treatment, the Cu 2+ /NH 4 + molar ratio 2 : 3 Cu/N codoped TiO 2 film shows about 41.5% PC degradation efficiency when there only has illumination. Upon illumination with photon energy in the excess of the band gap energy ( < 3.2 eV) of the Cu/N codoped TiO 2 photocatalyst, photogenerated electrons can easily be generated under the visible light due to the Cu 2+ /NH 4 + ions doping. These photogenerated electrons take part in photocatalytic redox reactions. Previous research has shown that the hole reacts with the electron donors to produce free radical OH
• [38] . As the generation of free radical OH
• , the humic acid decomposed into lower molecular weight compounds. When the Cu 2+ content exceeded the optimum value (Cu 3 N ), the photocatalytic activity decreased. This result indicated that the presence of a greater amount of Cu was detrimental to the photocatalytic ability.
Effect of Initial Concentration of Humic Acid.
The influence of the initial concentration of humic acid on the photocatalytic degradation is shown in Figure 8 . The result indicates that the degradation efficiency is decreased with increasing the initial concentration of humic acid. It is likely that with high initial concentration of humic acid, an increased turbidity or cloudiness reduces the incident light and therefore reduces the activity. At the same time, adsorption of pollutant on photocatalyst plays an important role in removal of pollutant [50, 51] . Although the same amount of humic acid may be removed via adsorption until all the adsorption sites are occupied, the degradation efficiency based on ( 0 − )/ 0 may be reduced at high initial concentration 0 .
Photocatalysis, Electrolysis, and Photoelectrocatalysis of
Humic Acid. The visible light photocatalysis (PC), electrolysis (EC), and photoelectrocatalysis (PEC) activity of the Cu/N codoped TiO 2 films were evaluated for the degradation of humic acid in aqueous solution. The experimental results in Figure 9 showed that, compared with the PC oxidation, the PEC experiment was significantly higher than that of the PC process. For example, the Cu/N codoped TiO 2 film with molar ratio of 2 : 3 achieved UV254 removal efficiency of 93.5% in the PEC process, while it was only 41.5% in the PC process. The enhancement of UV-HA removal efficiency in the PEC processes can be ascribed to the following: the externally applied anodic bias drives away the photogenerated electrons accumulated on TiO 2 films via the external circuit, thus reducing the recombination of photogenerated electrons and holes and promoting the oxidation efficiency of humic acid. Figure 9 also showed that compared with the PC and PEC oxidation, EC oxidation was significantly decreased to only 37.6%. The visible light sensitivity of the TiO 2 films caused by N doping (either substitutional or interstitial) may be related to the formation of high-energy level of steady state, which shifts the band-to-band electron transition to steady state to the conduction band transition. In the interstitial N model, the nitrogen atoms are bound to one or more oxygen atoms and therefore are in a positive oxidation state, which could be NO − , NO 2 − , or NO 3 − . Unpaired electrons distribute around both N and O atoms in nitrogen oxides.
The energy level formed by nitrogen oxides has a -bond feature. The two bonding orbital energy levels lie below the top of the O 2p band, while the two antibonding orbital energy levels lie above the O 2p band. The highest steady state level for the interstitial species is 0.73 eV above the top of the valence band. Excitation from these steady state high-energy levels to the conduction band is responsible for the shift of the optical absorption of pure TiO 2 toward the lower energies (in the visible region) [34] . Furthermore, Cu doping is helpful for enhancing the separation between photoinduced electrons and holes. As a result, the Cu/N codoping not only improves photocatalytic activities of TiO 2 films, but also extends their absorbance band to visible light region.
Conclusion
In summary, this work improved the facile electrochemical technique for preparing a series of Cu/N codoped TiO 2 films to study the effective degradation of humic acid under visible light. The Cu/N codoped TiO 2 films were successfully fabricated. The absorption wavelength range and visible light photocatalytic activity of as-prepared Cu/N-codoped TiO 2 films were obviously affected by different molar ratios of Cu 2+ /NH 4 + . The doping with suitable amounts of nitrogen and Cu into TiO 2 films exhibited a synergistic effect on the improvement of the photocatalytic efficiency of TiO 2 in visible light regions. Using the molar ratio 2 : 3 Cu/N TiO 2 film, the PEC degradation efficiency of humic acid under visible light illumination reached 93.5% after 210 min of treatment. Our work demonstrates that anodic oxidation technique is useful for preparing metal and nonmetal ion-doped TiO 2 films for visible light PEC degradation of organic pollutants.
